ABSTRACT. The reaction of chiral N-tert-butanesulfinyl aldimines with β-keto acids under basic conditions at room temperature proceeds with high levels of diastereocontrol, leading to β-amino ketones in high yields. Based on DFT calculations, an eight-membered cyclic transition state involving coordination of the lithium atom to the oxygens of carboxylate and sulfinyl units was proposed, being in agreement with the observed experimental diastereomeric ratios. The synthesis of the piperidine alkaloid (-)-pelletierine was successfully undertaken in order to demonstrate the utility of this methodology.
INTRODUCTION
instance, α,β-unsaturated compounds 4 and 5 were the major components of these mixtures when the tert-butyl ester derivative 3b was the starting material (Scheme 2).
Scheme 2.
Base-promoted coupling of sulfinyl imine 1a and different acetoacetate esters 2. 
O
Considering the previously commented results and that β-keto acids have been successfully used as surrogate enolates, 10 we decided to study the decarboxylative Mannich-reaction using these compounds. For that reason, we took the imine derived from (R)-tert-butanesulfinamide and 3-phenylpropanal 1a, along with the most challenging acetyl acetic acid (6a) among β-keto acids, as model compounds for the optimization of the reaction conditions. It is worth to mention that acetyl acetic acid (6a) is especially unstable and undergoes decarboxylation very easily at room temperature, and this could be the reason why it has not been used in the reactions with N-tertbutanesulfinyl α-imino esters (Scheme 1B) 11 and the trifluoroacetaldehyde derivative (Scheme 1C). 12 Although many assays were undertaken, only the most significant ones are compiled in Table   1 . Thus, the reaction of imine 1a with 3 equivalents of keto acid 6a at room temperature for 12 hours under solvent-free conditions led to an almost 1:5 mixture of both expected diastereoisomers 7a and 8a. Unfortunately, starting imine 1a was not consumed completely in spite of working with an excess of keto acid 6a, and a significant amount of tert-butanesulfinamide was also formed, presumably through a β-elimination process from the expected Mannich adducts 7a and 8a ( Table   1 , entry 1). Decomposition by decarboxylation at room temperature of 6a could explain that the reaction did not go to completion after 12 hours. Compounds 7a and 8a were not found working in a THF solution with the same reaction mixture (Table 1 , entry 2) and low conversion was also observed in ethyl acetate in the presence of 1.5 equivalents of sodium bicarbonate (Table 1, entry 3). When the reaction was carried out in the presence of a stronger base such as potassium tertbutoxide, total conversion occurred and tert-butanesulfinamide was found to be the only reaction product that we could identified from the crude reaction mixture (Table 1 , entry 4). The reaction did not proceed in methanol with 3 equivalents of triethylamine (Table 1 , entry 5), but total conversion occurred when 6 equivalents of sodium methoxide in methanol were used. Importantly, β-amino ketone derivatives 7a (48%) and 8a (29%) were now the major reaction products, and by contrary to what we found in the previous entries, the one resulting from the nucleophilic attack to the Siface of imine 7a is now predominant (Table 1 , entry 6). Deprotonation of keto acid 6a with strong bases prevents its decomposition. The diastereoselectivity was highly improved when keto acid 6a
was deprotonated first with n-BuLi in dry THF at low temperature and after that, the resulting system reacted with the imine 1a at room temperature (Table 1 , entry 7). However, no reaction took place when lithium hydroxide was used as a base in THF ( Table 1 , entry 8). The reaction working with 6 equivalents of a 2M lithium hydroxide solution in methanol led to total conversion but also to a lower diastereoselectivity ( Table 1 , entry 9). The diastereoselectivity was improved again when imine 1a reacted for 12 h at room temperature with a solution of 1.5 equivalents of keto acid 6a in THF and 1.5 equivalents of a 2M lithium hydroxide methanol solution. However, almost half of the starting imine 1a remained unreactive (Table 1 , entry 10). The best result was obtained working in THF at room temperature with 1.5 equivalents of keto acid 6a and 2.0 equivalents of lithium hydroxide from a 2M solution in methanol. After just 30 minutes, compound 7a was produced in a highly diastereoselective fashion (97:3 dr) in quantitative yields (Table 1 , entry 13). When the deprotonation step was performed with a 1M THF solution of lithium ethoxide, the results were rather similar but in a slightly lower diastereoselectivity (Table 1, entry 14) . Finally, lithium hydroxide in methanol seemed to be superior to sodium methoxide in methanol in the deprotonation step of keto acid 6a (Table 1 , compare entries 11 and 12), and prolonged reaction times are not beneficial for this reaction, since yield and diastereoselectivity were higher after 30 minutes than after 16 hours (Table 1 , compare entries 12 and 13). We studied next the scope of the reaction of N-tert-butanesulfinyl imines 1 with different β-keto acids 6, by applying the optimized conditions shown in Table 1 , entry 13. Two different sets of reaction times were applied, depending of the type of imine 1: the reaction time was 1 hour for aliphatic imines (although most of the reactions were over after 30 minutes) and 5 hours in the case of the sterically hindered imine derived from isobutyraldehyde and also for aromatic imines ( Table   2 ). The expected β-amino ketone derivatives 7 were obtained in high yields (quantitative yields in most of the cases) with excellent diastereoselectivities (trace amounts of minor diastereoisomers 8
were detected but not isolated). The reaction was also performed on a gram-scale for the imine derived from decanal 1c (4.0 mmol) and β-keto acid 6a, giving rise to amino ketone derivative 7c in 82% isolated yield ( Table 2 ). The poorest yields were found working with the β-keto acid 6d (R 2 = t-Bu), with values ranging from 80 to 94% (Table 2 , compounds 7q-t). The configuration of the newly created stereogenic centre in compounds 7 was primary assigned by comparing the specific rotation and the NMR data of 7g with those provided in the literature for its enantiomer, 8b and later confirmed by crystal X-ray analysis (see the Supporting Information) of the solid compounds 7h 15 and 7u. 16 We assume that the nucleophilic attack took always place to the Si-face of the imines with R S configuration in compounds 7 (Table 2) . 
a Reactions were carried out starting from 0.2 mmol of the corresponding imine 1. Isolated yields after column Page 7 of 26
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b This reaction was carried out starting from 4.0 mmol of the imine derived from decanal 1c.
c Reaction time: 5 h.
Unfortunately, the coupling reactions did not worked well with β-keto acids bearing substituents at 2-position. For instance, the reaction of imine 1a with 2-methyl-3-oxobutanoic acid (6f) under the optimized reaction conditions led after 5 hours to the expected compound 7y, which was isolated as mixture of epimers in 22% yield (Scheme 3).
Scheme 3.
Reaction of sulfinyl imine 1a with 2-methyl-3-oxobutanoic acid (6f).
Enantiomerically pure β-amino ketone derivatives are interesting building blocks in the synthesis of alkaloids and other compounds with potential biological activity. The utility of the here presented methodology is demonstrated in the straightforward synthesis of piperidine alkaloid (-)-pelletierine, using 3-oxobutanoic acid (6a) and the N-tert-butanesulfinyl imine derived from 4-bromopentanal (1f) 17 as starting materials. Thus, the base-promoted decarboxylative-Mannich coupling of these reagents led to β-amino ketone derivative 7f, which was not isolated and treated with a 6M
hydrochloric acid solution at 0 ºC for 4.5 hours. The resulting acidic aqueous phase containing the ammonium salt was basified to produce the free amine and further extracted with dichloromethane.
To the new organic phase was added a saturated aqueous sodium bicarbonate solution, and the reaction mixture was vigorously stirred at room temperature overnight. Combined GC/MS showed the formation of (-)-pelletierine, which was finally isolated as its hydrochloride derivative (see Supporting Information for NMR spectra of the crude material) upon addition of a solution of hydrogen chloride in diethyl ether solution and further removal of volatile solvents, in 66% overall yield. All these transformations were easily followed by TLC and no column chromatography purification was necessary at any moment (Scheme 4).
Scheme 4. Synthesis of (-)-pelletierine from sulfinyl imine 1e and 3-oxobutanoic acid (6a). We performed density-functional theory (DFT) calculations in order to understand the origins of the (Table 1 ).
Scheme 5.
Model reaction considered in the DFT studies.
As far as the stereochemistry of the new C-C bond is concerned, since the decarboxylation step destroys the chiral information of the α-carbon atom of 3-oxobutiric acid, only the two prochiral faces of (E)-imines 1 determine the final stereochemical outcome (Figure 1 experimental system, methyl in the computational model reaction) and the nucleophile. Therefore, preferential formation of (R) diastereomers 7 should be expected according to this preliminary analysis. DFT calculations 18 at the B3LYP/6-31+G(d) level 19 including Grimme's D3 correction for the dispersion energy 20 and polarization continuum model (PCM) 21 for unspecific solvent effects (THF was used in the continuum dielectric approach) yielded the reaction profiles gathered in Figure 2 .
Two discrete molecules of THF were included in the calculations in order to saturate the tetrahedral coordination ability of lithium (I). Interestingly, when the nitrogen atom of the imine was installed close to the Li(I) center and one molecule of THF was pushed away, the nitrogen was not able to coordinate to the cationic center during the optimization. Instead, the second molecule of THF interacted more efficiently thus providing a tetrahedral all-oxygen environment around the metal.
This coordination pattern was kept along the reaction coordinates leading to C-C adducts INT2(R)
and INT2(S). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 with respect to starting complex INT1. Bond distances are given in Å. The steric clash associated with the proximity between the acetyl and S-methyl groups in TS1(S) is highlighted in red.
In these simulations the cyclic geometries of transition structures are determined by the preferential coordination of two molecules of solvent, the oxygen of the sulfinamide moiety and the carboxylate group to the lithium cation. In addition, the (E)-configuration of the starting imine folds the cyclic array thus yielding an extended boat structure, which is completely different to the six-membered chair conformation associated with the Zimmerman-Traxler 22 arrangement. In the case of TS1(R) (Figure 2 ), the S-Me group (S-t-Bu in the experiments) lies away of the cyclic structure and the proton migration from the starting enol to the carboxy moiety has been completed. The critical C···C bond distance is close to 2 Å, an expected value for aldol-like reactions involving complex lithium enolates. 23 The chief geometric features of TS1(S) are similar to those of its (R)-congener, with the exception of the steric clash generated by the S-Me group and the acetyl group coming from the 2-oxobutirate. As a consequence, TS1(S) lies 2.9 kcal/mol above TS1(R). This difference In summary, β-amino ketone derivatives were prepared from N-tert-butanesulfinyl aldimines and β- 
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Synthesis of Compounds 3:
A heterogeneous mixture of the corresponding β-keto ester 2 (4.0 mmol), NaHCO 3 (118 mg, 2.0 mmol), and sulfinyl imine 1a (237 mg, 1.0 mmol) was stirred at rt for 72 h. The resulting mixture was hydrolyzed with H 2 O (10 mL), acidified with 2M HCl (2 mL), and extracted with AcOEt (3 × 15 mL). The organic phase was dried with anhydrous MgSO 4 , and the solvent evaporated (15 Torr). The residue was purified by column chromatography (silica gel, hexane/EtOAc) to yield products 3. Yields, physical and spectroscopic data follow.
(3R,R S )-Ethyl 2-Acetyl-3-amino-N-(tert-butanesulfinyl)-5-phenylpentanoate (3a): The representative procedure was followed by using β-keto ester 2a (520 mg, 0.51 mL, 4.0 mmol). 
(3R,R S )-Benzyl 2-Acetyl-3-amino-N-(tert-butanesulfinyl)-5-phenylpentanoate (3c):
The representative procedure was followed by using β-keto ester 2c (769 mg, 0.692 mL, 4.0 mmol).
Purification General Procedure for the Reaction of β-Keto Acids 6 with N-tert-Butanesulfinyl Imines 1.
Synthesis of Compounds 7:
To a solution of the corresponding β-keto acid 6 (0.3 mmol) in THF (2 mL) was added a 2M solution of LiOH in MeOH (0.2 mL, 0.4 mmol) at 0 ºC. The reaction mixture was allowed to reach rt and then the corresponding imine 1 (0.2 mmol) was added and stirring was continued for 1 or 5 h (see Table 2 ). The resulting mixture was hydrolyzed with H 2 O (10 mL), and extracted with AcOEt (3 × 15 mL). The organic phase was dried with anhydrous MgSO 4 , and the solvent evaporated (15 Torr). The residue was purified by column chromatography (silica gel, hexane/EtOAc) to yield products 7. Yields, physical and spectroscopic data follow. 
(4R,R S )-4-Amino-N-(tert-butanesulfinyl)tridecan-2-one (7c):
The representative procedure was followed by using β-keto acid 6a (612 mg, 6.0 mmol) and imine 1c (1.0378 g, 4.0 mmol). 
(4S,R S )-4-Amino-N-(tert-butanesulfinyl)-5-methylhexan-2-one (7d):
The representative procedure was followed by using β-keto acid 6a (30.6 mg, 0. 
(4R,R S )-4-Amino-8-bromo-N-(tert-butanesulfinyl)octan-2-one (7f):
The representative procedure was followed by using β-keto acid 6a (30.6 mg, 0.3 mmol) and imine 1f (53.6 mg, 0.2 mmol). 
(5R,R S )-5-Amino-N-(tert-butanesulfinyl)-7-phenylheptan-3-one (7i):
The representative procedure was followed by using β-keto acid 6b (34. 
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